Introduction
The reactive dicarbonyl compound methylglyoxal (MG) is a metabolic byproduct of glycolysis and is also formed in various foodstuffs during processing. MG is often found at high levels in the blood of diabetic patients, where it covalently depletes glutathione (GSH), leading to serious toxicological effects. In comparison to the parent sugar, MG is more likely to cross-link with the amino groups of various proteins, forming stable end products called advanced glycation end products (AGEs) [1, 2] . In addition, MG may modify cross-linked lysine and arginine residues, leading to alterations in the protein characteristics [3] . The reaction of proteins with MG has been shown to produce reactive oxygen species(ROS) such as O 2 -during the glycation reaction [4] ; ROS and oxidative stress can damage many biological molecules (eg, DNA) and cause various cell injuries. Studies have shown that oxidative stress and AGE formation are associated with impaired cognitive processes in diabetic patients [5, 6] , suggesting that this may be linked to MG toxicity. Stressful conditions such as oxidative damage may affect cell-cell or cell-extracellular matrix (ECM) interactions. Cell-ECM interactions play important roles in many cellular events, including immunity and regulation of gene expression [7, 8] . One type of cell-cell interaction is the adherence and migration of leukocytes to blood vessel endothelial cells, which plays an important role for acute inflammation during infection [8] . Our previously published study showed that the hyperosmotic shock effects induced by high glucose inhibit the binding of leukemia K562 cells to collagen I, which is reversed in the presence of ascorbic acid (a well-known antioxidant) [9] longa, has cosmetic effects and shows efficacy in promoting wound healing as well as treating liver ailments, urinary tract diseases and hepatitis [10] . Pharmacologically, curcumin exhibits a wide range of effects including anti-inflammatory, anti-carcinogenic, hypocholesterolemic and anti-infection activities [11] [12] [13] . The potent antioxidant effects of curcumin mediate anti-proliferative and anti-carcinogenic actions in a wide variety of cell lines and animal models [14] [15] [16] , and recent studies have shown that the anti-tumor activity of curcumin is a result of its ability to induce apoptosis via caspase-3 activation [17] . However, although multiple biological functions have been described for curcumin, the precise molecular mechanisms underlying its actions are currently unknown.
MG, a metabolic byproduct of glycolysis, is found at high levels in the blood of diabetic patients. Several clinical studies have shown that diabetic patients have a higher risk of infection, which is attributed to their lower immune function [18] . In this study, we used an in vitro model to investigate the mechanism by which MG/lysine glycation is toxic to leukocytes and, therefore, determine whether the cytotoxicity of MG may be one of the principal causes of immune system dysfunction in diabetic patients. We also sought to determine whether curcumin protects mononuclear cells from MG-induced injury. We show here that curcumin can block MG-induced DNA damage and ROS production in vitro and that it inhibits MG-induced ROS generation, apoptosis, and loss of attachment in human mononuclear cells.
Materials and methods
Materials Curcumin, MG, L-lysine, 2-deoxy-D-ribose, thiobarbituric acid, cytochrome c, NAC, histopaque 1077, propidium iodide, and Hoechst 33342 were purchased from Sigma (St Louis, MO, USA). pCMV plasmid DNA was isolated from Escherichia coli (E coli) cultures and purified using the Qiagen Plasmid Midi Kit (Hilden, Germany).
Analysis of DNA strand breaks Purified plasmid DNA was incubated with 5 mmol/L lysine and 5 mmol/L MG in the presence of Cu 2+ at 37 o C for 3 h. To stop the reactions, samples were frozen at -70 o C. The production of DNA strand breaks as a result of reaction of lysine with MG in vitro is enhanced by Cu 2+ and, in the absence of Cu
2+
, it is inhibited by catalase and metal chelators [19] . This suggests that MGinduced DNA breakage is caused by trace levels of transition metals. We therefore examined the ability of curcumin to inhibit MG/lysine glycation-induced DNA strand breakage and ROS generation in the presence and absence of Cu
. Following the reaction, the plasmid DNA was resolved by 0.75% agarose gel electrophoresis, visualized by ethidium bromide staining, and photographed.
Measurement of superoxide anions in the glycation reaction Superoxide anion generation was determined by measurement of cytochrome c reduction [20] . Cytochrome c (100 µmol/L) was added to the MG and lysine reaction mixture in 10 mmol/L phosphate buffer (pH 7.4) and the reduction rate was determined as the increase in absorbance (550 nm) over 10 min at room temperature.
Measurement of hydroxyl radicals in the glycation reaction Hydroxyl radical generation was determined by measurement of thiobarbituric acid reactive 2-deoxy-D-ribose oxidation products [21] . o C for 10 min, and the absorbance at 532 nm was measured. A reaction mixture containing MG and lysine but no 2-deoxy-D-ribose was used as the blank for comparative purposes.
Isolation of mononuclear cells and treatment with MG Human mononuclear cells were isolated from 250 mL human blood using Histopaque 1077 [22] . Samples were centrifuged at 400×g for 30 min, and mononuclear cells were collected from the interface and resuspended in Tris-buffered saline (20 mmol/L Tris, 0.15 mol/L NaCl, pH 7.4). The cells were sedimented by centrifugation at 300×g for 15 min and then resuspended in RPMI. Cells were treated with various concentrations of curcumin (0-20 µmol/L) for 30 min, followed by both curcumin and 50 µmol/L MG for the indicated amount of time. Because mononuclear cells are rich in trace metal ions, the cells were not pretreated with Cu
. After treatment, the cells were harvested and the changes in ROS generation and cell attachment were analyzed.
MTT assay Cell survival was monitored using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] test. Cells were treated with various concentrations of MG followed by 100 µL of 0.45g/L MTT solution. Cells were then incubated at 37 o C for 60 min to allow color development, and then 100 µL of 20% SDS in DMF:H 2 O (1:1) solution was added to each well to stop the reaction. The plates were then incubated overnight at 37 o C for solubilization of the formazan products, and spectrophotometric data were measured using an ELISA reader at a wavelength of 570 nm.
Assessment of apoptosis For examination of apoptosis, cells were incubated with propidium iodide (1 µg/mL) and Hoechst 33342 (2 µg/mL) for 10 min at room temperature in the dark, and then assessed by fluorescent microscopy. In each experiment 7-10 independent fields (about 600-1000 nuclei in total) were counted per condition. Apoptotic cells were identified as propidium iodide-negative cells having condensed/fragmented nuclei visualized by Hoechst 33342 staining.
ROS assay ROS generation was measured using with 2', 7'-dichlorofluorescein diacetate (DCF-DA) dye, which fluoresces in response to oxidation and can be used as an overall index of oxidative stress [23] . Cells (1.0×10 6 ) were incubated for 1 h at 37 o C in 50 µL PBS containing 20 µmol/L DCF-DA, and relative ROS units were determined using a fluorescence ELISA reader (excitation 485 nm, emission 530 nm). An aliquot of the cell suspension was lysed, the protein concentration was determined, and the results were expressed as arbitrary absorbance units per mg protein.
Analysis of attachment ability changes in mononuclear cells Mononuclear cells were treated with or without various concentrations of MG and lysine for 24 h and then allowed to adhere to collagen-coated Petri dishes (50 µg/mL) at 37 o C for 90 min in standard control medium. Cells were stained with trypan blue and the attachment was quantitatively evaluated by microscopy.
Statistics Data were analyzed by both one-way ANOVA and Student's t-test. Data are presented as mean±SD. Differences were considered significant at P<0.05.
Results
Curcumin prevents MG/lysine-induced plasmid DNA strand breaks and ROS production Recent studies have shown that the glycation of MG by lysine in the presence of Cu 2+ may lead to oxidative damage of DNA via the production of ROS [19] . As part of our search for compounds that can modulate the glycation-induced DNA damage and ROS production, we examined the effects of curcumin. In preliminary experiments, cells were pretreated with a high concentration of curcumin (200 µmol/L). We found that 200 µmol/L curcumin could effectively attenuate glycation reaction-induced DNA strand breakage both in the presence and absence of Cu 2+ ( Figure 1A ). Cu 2+ has been shown to enhance DNA damage caused by the glycation reaction in vitro [19] , suggesting that curcumin is a naturally occurring compound that can potently protect DNA from damage by the glycation reaction. We further examined the dose-dependence of the effects of curcumin on glycation reaction-induced DNA damage. We found that incubation of plasmid DNA with MG and lysine-induced DNA strand breakage, as shown by decreases in the supercoiled form and increases in the nicked circular form. Preincubation with 12.5-50 µmol/L curcumin dose-dependently inhibited this DNA damage ( Figure 1B) . In addition, pretreatment with concentrations higher than 50 µmol/L (100-200 µmol/L) also dose-dependently decreased glycation-induced DNA damage (data not shown). Moreover, the enhancement of DNA strand breaks in the reaction of lysine with MG by Cu 2+ were also inhibited by curcumin (Figure 1) . Similarly, cytochrome c reduction experiments revealed that while superoxide anion formation increased time-dependently when MG and lysine were incubated together (Figure 2A ), this effect was dose-dependently blocked by the addition of curcumin ( Figure 2B) .
Previous studies have shown that protein glycation , and that the observed DNA strand breakage is induced by hydroxyl radicals produced by the reaction of H 2 O 2 with Cu 2+ [19] . We thus performed a thiobarbituric acid-reactive substance (TBARS) experiment to measure the effect of curcumin on MG glycation-induced generation of hydroxyl radicals. Our results revealed that TBARS production (about 8.6 nmol/mL) during the incubation of 2-deoxy-D-ribose with MG and lysine was dose-dependently inhibited by treatment with curcumin ( Figure 3A ). In addition, curcumin also significantly inhibited the generation of hydroxyl radicals in samples containing MG, lysine and Cu 2+ ( Figure 3B ). Collectively, these results indicate that curcumin could prevent the DNA strand breaks and ROS generation by glycation of MG/lysine in vitro.
Curcumin prevents MG-induced ROS formation and apoptosis in mononuclear cells
We next examined the cytotoxicity of MG and the protective effect of curcumin in mononuclear cells. Mononuclear cells were incubated without or with 2.5-20 µmol/L curcumin and then exposed to 50 µmol/L MG. Cell viability was determined by MTT assay. Curcumin alone (20 µmol/L) had no effect on cell viability ( Figure 4A ), but it dose-dependently inhibited MG-induced cell death ( Figure 4A) . A number of studies have shown that MG stimulates oxidative stress in cells, and that ROS effectively induces apoptosis [25] . Accordingly, we examined whether ROS formation occurs in MG-treated mononuclear cells, and analyzed the effects of curcumin on ROS formation using DCF-DA as the detection reagent [23] . Our results revealed that MG treatment increased the intracellular ROS content in mononuclear cells ( Figure 4B ). Pretreatment with curcumin significantly attenuated this increase ( Figure 4B ), indicating that curcumin acts as an ROS scavenger in this system. Next, we examined the effect of curcumin on MG-induced cell apoptosis. Curcumin was found to dose-dependently inhibit MG-induced apoptosis ( Figure 4C ). MG did not induce necrotic cell death in mononuclear cells as determined by LDH assay (data not shown). In addition, pretreatment with N-acetyl cysteine (NAC , 300 µmol/L), a frequently used ROS scavenger, reduced MG-induced increases in intracellular ROS levels and apoptosis in mononuclear cells ( Figure 4B and 4C). Interestingly, under our assay conditions, curcumin appeared to be more potent than NAC at inhibiting MG- induced oxidative stress and apoptosis. These results indicate that curcumin can prevent MG-induced apoptosis by acting as a ROS scavenger. Collectively, these findings indicate that curcumin prevents MG-induced cell apoptosis by its ability to act as a ROS scavenger. Curcumin prevents MG-induced decreases in the collagen I attachment ability of mononuclear cells The number of mononuclear cells attached to collagen I-coated Petri dishes decreased with MG treatment, but this effect was dose-dependently blocked by pretreatment of curcumin ( Figure 5A ). Propidium iodide and Hoechst 33342 staining revealed that the adherent cells were not apoptotic in the control and MG-treated groups; all apoptotic cells were found in the nonattached (suspended) fractions ( Figure 5B ). These data support the possibility that MG decreases the attachment ability of mononuclear cells by inducing apoptotic injury. To investigate the effects of curcumin and NAC (a well-known ROS scavenger) on the observed decrease in attachment ability, cells were pretreated with these compounds prior to MG treatment. Curcumin-or NAC-pretreated cells showed higher levels of attachment to collagen I than cells treated with MG alone ( Figure 5C ). Collectively, these results suggest that curcumin prevents MG-induced attachment changes by virtue of its ability to act as a ROS scavenger.
Discussion
The major MG production pathways are amino acid breakdown, glycolysis bypass, and acetone metabolism [26] , and high MG levels have been associated with a number of physiological and pathological conditions, including diabetes mellitus (DM) [27] . Studies have shown that MG treatment can increase intracellular ROS levels in the following ways: (1) ROS production from the glycation reaction of MG with amino acids or proteins; (2) depletion of glutathione during MG metabolism, leading to decreased scavenging of intracellular ROS; and (3) MG-induced modification or inactivation of ROS scavenger enzymes such as superoxide dismutases, glutathione peroxidases and glutathione transferases [4, 28, 29] . These findings are important because oxidative DNA damage is thought to play a critical role in aging, mutagenesis, and carcinogenesis [30] . Here, we showed that MG glycation directly induces oxidative stress and free radical production in vitro and that these effects could be dose-dependently blocked by curcumin.
MG is not only produced through glycolytic metabolism, but is also found in various beverages and foodstuffs, including freshly brewed coffee and soy sauce [30] . Indeed, the consumption of 2-3 cups of coffee per day (common worldwide) can lead to a daily MG intake of up to 1 mg [31] . Normal individuals have a blood concentration of approximately 1 µmol/L MG, but the plasma MG levels in diabetics can be 3-6 times the normal amount [32] , and may persist for several months or years in diabetic patients. Local tissue levels of MG can be extremely high, with concentrations up to 310 µmol/L found in Chinese hamster ovary cells [33] . Here, we showed that physiological levels of MG can induce DNA cleavage and ROS generation and decrease cellular adhesion in mononuclear cells and that curcumin dosedependently inhibits these processes. The decreased attachment ability of MG-treated mononuclear cells ( Figure 5 ) might be associated with the MG-induced ROS generation. Previous studies have shown that ROS attack the polyunsaturated fatty acid component in the membranes of polymorphonuclear leukocytes, leading to altered membrane compositions [34] . These alterations in attachment activity may interfere with the transendothelial migration of leukocytes, further affecting the immune and acute inflammatory responses during infection. Our results suggest that antioxidants such as NAC and curcumin actively scavenge MGinduced ROS, leading to restored attachment of the mononuclear cells to collagen I ( Figure 5 ), and possibly leading to antioxidant-mediated decreases in the toxic effects of MG.
Recently, curcumin was reported to inhibit hyperglycemia-induced oxidative stress and diabetic cataract formation in diabetic rats [35] . Together with our current findings, this suggests that curcumin inhibits not only MG-induced ROS injury but also hyperglycemia-mediated oxidative stress and cataract formation in diabetic patients. Another study showed that curcumin irreversibly inhibits thioredoxin reductase activity by covalently modifying its active site, converting it into an NADPH oxidase that produces ROS [36] . This shift in activity means that thioredoxin reductase is converted from a component of an antioxidant system into a prooxidant. Further studies are needed to clarify these conflicting results that curcumin acts as both a ROS scavenger and producer.
In conclusion, we have shown that the natural product, curcumin, dose-dependently blocks MG glycation-induced ROS generation and apoptosis in mononuclear cells. Our results further indicate that the MG-induced blockade of mononuclear cell attachment to collagen may be abrogated by curcumin pretreatment. Because curcumin dose-dependently inhibits MG/lysine glycation-induced DNA strand breakage, ROS generation and apoptosis in mononuclear cells, we believe that it can be used to counteract damage of the immune system by MG. Future work will be required to determine the mechanisms of curcumin action and the effects of MG and curcumin on mononuclear cell immunity. However, as the passive absorption rate of curcumin in the intestine lumen is up to 80% [37] , our findings suggest that it may be possible to use dietary curcumin for prevention of MG-mediated cell injury in diabetic patients.
